This study was conducted to examine plant biomass and phosphorus (P) accumulation and partitioning in response P availability and to determine the optimal P concentration during growth phases of two plant species with contrasting growth characteristics: geranium (Pelargonium × hortorum Bailey) "Bullseye Scarlet", a flowering plant, and coleus (Solenostemon scutellarioides (L.) Codd) "Chocolate Mint", a foliage plant. Plants were grown in inert media (1:1 mixture of perlite and vermiculite) with complete nutrient solutions containing a range of P concentrations considered low (3 and 5 mg/L), intermediate (10 and 15 mg/L), and high (20 and 30 mg/L). Higher P rates logarithmically increased shoot and root dry mass of geranium and coleus plants regardless of the growth phase, but linearly enhanced flower dry mass of reproductive geranium plants resulting from the accelerated flower development. During the vegetative phase, the intermediate-P increased the shoot biomass production of geranium plants, but high-P was more effective for coleus plants. During the reproductive phase, however, the intermediate-P increased shoot biomass production of both geranium and coleus plants to the level achieved by high-P. The change from vegetative to reproductive phase increased the relative biomass to flowers, roots, and shoots of reproductive geranium plants and roots and shoots of reproductive coleus plants in decreasing orders, resulting in an increased root-to-shoot ratio. The P content of all plant parts showed a logarithmical increase with higher P rates for reproductive geranium plants but a linear increase for reproductive coleus plants. During the reproductive phase, a higher proportion of acquired P was allocated to flowers of low-P geranium plants than the roots of high-P coleus. Our results demonstrate that geranium plants require intermediate-P throughout the growth phases, while coleus plants require high-P during the vegetative phase and intermediate-P during the reproductive phase. P-use efficiency (PUE) ranged from 5% to 15% in high-P, which was improved with intermediate-P by 36% to 70%. To further improve PUE, the application method also needs to be taken into consideration such that the fertigation volume is reduced during the vegetative phase and increased before the reproductive phase.
Introduction
Excess nitrogen (N) and phosphorus (P) runoff from agricultural production sites are known to be major contributors to declining surface water quality resulting from eutrophication, a biological process that causes algal blooms [1] . Particularly, P accumulation in the lakes, rivers, and coastal drainages has generated national attention and concerns for a dwindling freshwater supply [2, 3] . This situation is not only harmful to aquatic species, due to the depleted oxygen levels associated with excessive growth of algae, but also may pose detrimental health hazards on humans due to toxins released from dead algae [4] . While both N and P are required for algae growth, P cannot be fixed from the atmosphere, thus P is the key nutrient limiting eutrophication [1, 5] . It is difficult to control dissolved P once it is released from greenhouse and nursery facilities because dissolved P is immediately bioavailable for algal bloom [6] . Therefore, it is critical to avoid using excess P fertilizers for crop production, and therefore mitigate serious environmental problems. P is mostly obtained from ground rock phosphate after being mixed with sulfuric acid and then processed to produce mineral fertilizers. Existing rock phosphate reserves, which are non-renewable resources, could be exhausted in the next 50 to 100 years [7] [8] [9] . In addition, the quality of reserves is declining, and the cost of extraction, processing, and shipping is increasing [8, [10] [11] [12] . One of the most efficient ways to avoid P waste is to apply the optimal rate of P fertilizer required for crop growth. However, the optimal P rate is largely unknown for most greenhouse crops, and therefore P fertilizer has been applied far in excess of what is required to achieve high crop productivity [13] [14] [15] , with the application rate ranging from 90 to 150 mg/L [15] . P is often applied as a water-soluble fertilizer at each irrigation, but most P applied to the soilless substrates are drained as the leachate due to common cultural practices in these operations which include over-fertilization, excessive irrigation, and the use of soilless potting media with considerably less ability to retain P than mineral soils [15] . To minimize the environmental impact caused by these operations, P requirements of greenhouse crops should be determined.
Studies have demonstrated that some container-grown plants require only minimal amounts of P for optimal growth and that applications of high-P fertilizers do not promote either root or shoot growth [15, 16] . Low-P increases the root-to-shoot ratios by allocating a greater dry matter to root overshoot growth [15, 17, 18] , but a deficient level of P can limit plant growth. Only a few studies have reported the optimal P application rate, however, this was estimated based on the final biomass production. For example, the P application rate of 20 mg/L in irrigation water maximized the growth of greenhouse crops such as lantana, vinca, and new guinea impatiens [15, 19] . P supply at 10 mg/L maximized the growth of woody plants such as Ilex crenata Thunb. cv. Helleri and Chamaecyparis lawsoniana Parl. [20, 21] . Higher P rates over this range not only had little effects on increasing biomass production, but also increased P leaching from the substrates [15, 22, 23] , of which concentrations can range from 30 to 300 mg/L in wastewater [24] [25] [26] .
Optimal P promotes flower development but does not increase the flower number [15] . The transition from vegetative to reproductive phase is likely to affect P demand as the growth rate or the rate of biomass production increases and sink-source strength changes. However, P demand during the growth phases is largely unknown and has been demonstrated only in a limited number of studies [15, 27] , and there is no information on how such demand can be changed by different plant species having different expanding organs during the reproductive phase. For example, plants dominated by foliage growth during the reproductive phase may require different P levels as compared with those dominated by flowering.
The objectives of this study were to examine biomass and P accumulation and partitioning of geranium and coleus plants in response to P availability and to determine the optimal P concentration as affected by their growth phase. The two plant species were selected for their contrasting growth characteristics during their reproductive phase; geraniums and coleus of which growth are dominated by inflorescence formation and foliage development, respectively. This approach will allow more efficient use of P fertilizer based on the crop type and growth phase, contributing to more sustainable greenhouse crop production.
Materials and Methods

Plant Growth and Culture Methods
The following two plant species were chosen in this study: geranium (Pelargonium × hortorum Bailey) "Bullseye Scarlet", a flowering plant, and coleus (Solenostemon scutellarioides (L.) Codd) "Chocolate Mint", a foliage plant. Seeds of geranium (Ball Horticulture, West Chicago, IL, USA) and coleus (Burpee Seed Co., Warminster, PA, USA) were purchased from commercial sources and sown in cell plug trays (each cell: 2.5 × 2.5 × 4 cm) filled with a commercial germination mix (Conrad Fafard, Agawam, MA, USA). Each tray was covered with a clear plastic dome and provided with bottom heat to maintain substrate temperatures in the range of 22 to 24 ℃ and placed in a climate room under 150 μmol/m 2 /s using full-spectrum LEDs (320-W "VYPRx", Fluence Bioengineering, Inc., Austin, TX, USA) for 18 h/day and irrigated as described by Kim et al. (2018) [28] . The air temperatures of the climate room were 21 ± 1 ℃ day/ 18 ± 1 ℃ night, and relative humidity were in ranges of 45% to 64%, respectively. Once the cotyledons had expanded fully, the seedlings were transferred to a glassglazed greenhouse in West Lafayette, IN (lat. 40°N, long. 86°W) and grown under supplemental lighting using overhead high-pressure sodium (HPS) lamps (600-W, P.L. Light Systems Inc., Beamsville, ON, Canada) for 16 h photoperiod (9:00 to 1:00 h) until the first three to four leaves were formed. The seeds were initially imbibed with tap water followed by a half-strength fertilizer solution and full-strength fertilizer after seedlings developed true leaves [28] . The seedlings were irrigated as necessary with a combination of two water-soluble fertilizers (3:1 mixture of 15N-2.2P-12.5K Cal-Mag Special and 21N-2.2P-16.6K Multi-Purpose fertilizers, respectively; Everris NA Inc., Dublin, OH, USA). The fertilizer consisted of (mg/L) 150 nitrogen (N), 20 phosphorous (P), 122 potassium (K), 38 calcium (Ca), 15 magnesium (Mg), 0.8 iron (Fe), 0.4 manganese (Mn) and zinc (Zn), 0.2 copper (Cu) and boron (B), and 0.1 molybdenum (Mo). The recommended N rates for geranium and coleus are 100 to 300 and 150 to 300 mg/L, respectively [29] . Nitrate form was 76% of nitrogen provided. The pH for the fertilizer was 5.5 to 6.0. Uniform healthy seedlings were randomly chosen and transplanted into 15 cm plastic containers filled with a 1:1 (v/v) perlite and vermiculite mix.
The plants were grown in a glass-glazed greenhouse with exhaust fan and evaporative-pad cooling, radiant hot water heating, and retractable shade curtains controlled by an environmental computer (Maximizer Precision 10; Priva Computers, Vineland Station, ON, Canada). The average day and night temperatures were 24 ± 1 ℃and 21 ± 1 ℃, respectively, and the average day and night relative humidity were 55% ± 5% and 64% ± 5%, respectively. The photoperiod was 14 h (8:00 to 22:00 h) consisting of natural day lengths with supplemental lighting using high-pressure sodium (HPS) lamps. A supplemental photosynthetic photon flux (PPF) was measured using a quantum sensor (LI-250A light meter; LI-COR Biosciences, Lincoln, NE, USA) and was 153 ± 5 μmol/m 2 /s at canopy height. The average daily light integral (DLI) for both solar and supplemental lighting, was 14.6 mol/m 2 /d during the study period.
2.2.P Treatment
The P treatment consisted of the following 6 different levels: 0.1, 0.166, 0.335, 0.5, 0.665, and 1 mM (3, 5, 10, 15, 20, and 30 mg/L) using an aqueous solution of 0.5 mM KH2PO4 as final concentration. According to our previous findings [15] , these concentrations were considered low (3 and 5 mg/L), intermediate (10 and 15 mg/L), and high (20 and 30 mg/L), respectively. All treatments contained the same amount of nutrients from half-strength modified Hoagland's solution [30, 31] consisting of 2.5 mM KNO3, 2.5 mM Ca(NO3)2·4H2O, 0.25 mM K2SO4, 1 mM MgSO4·7H2O, 80 μM Fe-EDTA, 4.5 μM MnCl2·4H2O, 0.3 μM ZnSO4·7H2O, 0.16 μM CuSO4·5H2O, 0.16 μM (NH4)6Mo7O24·4H2O, and 20 μM H3BO3 except KH2PO4. Plants of each treatment received fertilizer solution from its nutrient reservoir which was supplied by a submersible pump attached to the irrigation pipe that turned on and fertigated the plants based on the irrigation schedule. The pH was adjusted with KOH or H2SO4 if necessary, to maintain the pH at 6. Plants were fertigated once a day during the first 3 weeks and twice every day for the rest of the growing period.
Growth Measurements
The growth of plants was closely monitored during their production period. Plants were harvested at two different times, i.e., 3 weeks (vegetative phase) and 5 weeks (reproductive phase). Growth parameters including plant height (measured from the pot rim to the top of the tallest leaf), plant width (averaged from two perpendicular measurements), branch number (longer than 5 cm), and leaf number (longer than 3 cm) were measured weekly. For geranium plants, the number of inflorescences was counted from the third week after transplanting when each floret started to bloom.
The number of open florets in each inflorescence was also counted. At the time of harvest, all growth parameters were recorded again. Inflorescence diameter was measured from two perpendicular measurements and averaged. Individual leaves longer than 3 cm were removed to measure leaf area with a LI-3100 Area Meter (Lincoln, NE, USA). Leave, stems, roots, and inflorescences were separately harvested and dried in an oven set at 75 ℃ until the samples were completely dry to weigh the dry mass. For coleus plants, data were recorded similarly as described above. Since coleus flowers formed on the terminal spiked stalks, it was not possible to separate flower spikes from the stems. Therefore, leaves and stems including flower spikes were separated from the roots and dried in an oven for dry mass measurements.
Root Characteristic Measurements
Roots were carefully harvested and rinsed before being scanned using a Epson Expression 110000XL (Epson, Long Beach, CA, USA) scanner. When the roots were small, entire roots were used for root scanning. The scanned images were, then, used to estimate root length, root average diameter, volume, surface area, and tips using WinRhizo Pro software (Regent Instrument Inc., Quebec City, QC, Canada). If the roots were too large to be scanned at one time, about one-tenth of the roots were sampled, scanned using the scanner, and analyzed for the root characteristics. The debris removal filter was set to discount objects less than 1 cm 2 with a length/width ratio less than 4. After root images were taken, the roots were dried in an oven set at 75 ℃ until the samples were completely dry to weigh dry weight. The total root length, surface area, and volume were estimated by multiplying the root length, surface area, and volume of a subsample, respectively, by dry weight ratio of the scanned subsample and the total dry weight of the roots.
Total P Measurements
When preparing samples for P contents in plant parts, dry plant materials were ground to a particle size of 10 mesh with a Wiley mill (Thomas Scientific, Philadelphia, PA, USA) and about 0.07 g sample for each treatment was transferred into a 20 mL glass vial, then ashed in a muffle furnace at 495 ℃ for 8 h. Each sample was then added with 8 mL of 100 mM hydrochloric acid (100 mM HCl) and 1.6 mL reagent B (50 mL of reagent A + 12 mL distilled water + 0.264 g L ascorbic acid; 2 L reagent A: 12 g ammonium molybdate + 0.2908 g antimony potassium tartrate + 1 L 5 N sulfuric acids), then set for 30 min. Samples were diluted by 40-fold by adding Millipore-filtered water and added with a reagent liquid following the protocol of the colorimetric method for phosphorus analysis [32] . The total P content of each sample was analyzed by Epoch microplate spectrophotometer (BioTek Instruments, Inc., Winooski, VT, USA) at a wavelength of 880 nm. By calculating the slope of P standard solutions in the same spectrophotometer, P contents were quantified in each part of the plant. The total P content was calculated as the sum of the content of all plant parts.
Phosphorus Use Efficiency (PUE) Calculations
On the basis of the definition by Rose and Wissuwa (2012), PUE was calculated as the total dry biomass per the amount of P applied [33] . The PUE of plant parts was calculated by dry biomass of the individual part divided by the total amount of P applied. Similarly, the PUE of the whole plant was determined as the sum of dry biomass of all plant parts divided by the total amount of applied.
Experimental Design and Statistical Analysis
Treatments consisted of six P levels, two plant species, and two harvest times and were arranged in a completely randomized design with three replicates per each treatment. The experiment was repeated twice from March to September 2016. The block effect was not included in the data output since we observed consistent results from the two trials. Therefore, the data were pooled and analyzed with analysis of variance (ANOVA) using JMP ® for Windows, Version 13.2 (SAS Institute Inc., Cary, NC, USA). Mean separation within each measured parameter was performed by Tukey's honestly significant difference (HSD) test at p ≤ 0.05. Interaction effects among P level, plant species, and growth phase were tested using the standard least squares model. Regression analysis was carried out to look for trends in response to weeks after transplanting or P level.
Results
Plant Growth Responses to P Availability
P level, plant species, and growth phase had significant effects on plant growth parameters including plant height, plant width, branch number, leaf number, and leaf area ( Figure 1 and Table  1 ). There were significant interactions among these factors for leaf number, but not other growth parameters. Higher P levels (intermediate-P and high-P) positively affected growth parameters of geranium and coleus plants regardless of the growth phase ( Table 1 ). The number of leaves and total leaf area decreased considerably by low-P but maintained by intermediate-P similar to or lower than high-P in both species. Weekly measurements of growth parameters showed that the differences in the leaf number among P treatments started from two to three weeks and three to four weeks after transplanting in geraniums and coleus, respectively, while the differences in other growth parameters became more pronounced toward the end of production period ( Figure 2 ). In geranium plants, the growth of vegetative parts slowed down during the reproductive phase as demonstrated by gradual increases in plant height and width except for the number of leaves and flowers which increased exponentially (Figure 2c,d ). Anthesis occurred between three and four weeks after transplanting in all P treatments (Figure 2d ). While the number of inflorescences was not significantly different among P levels, the number of open florets was greater in high-P, leading to a larger inflorescence size (Table 1 ). In coleus plants, plant height and leaf number showed exponential increases by intermediate-and high-P. Leaf number of coleus increased to nearly twice the number of geraniums by the same P treatment (Figure 2c ,g).
Plant Biomass Accumulation and Allocation in Response to P Availability
In general, the P level, plant species, and growth phase had significant effects on the whole plant, shoot, root, and flower dry mass ( Table 2) . P level and growth phase showed significant interactions for the whole plant and root dry mass. High-P significantly increased the total dry mass of both geranium and coleus plants regardless of the growth phase. The shoot and whole dry mass of geranium plants increased by both intermediate-P and high-P regardless of the growth phase, but inflorescence dry mass increased only by high-P. Meanwhile, the shoot and whole dry mass of coleus plants increased only by high-P during the vegetative phase, but by both intermediate-P and high-P during the reproductive phase. Root dry mass was not significantly different between intermediate-P and high-P treatments in both plant species (Table 2 ). Shoot biomass production was increased to a similar extent to root biomass by high-P, and therefore the root-to-shoot ratio was not different among the P treatment. Root-to-shoot ratio significantly (p < 0.001) increased in reproductive plants as compared to vegetative plants ( Table 2) . The whole plant, shoot, and root dry mass increased logarithmically with increasing P rates regardless of the growth phase and plant species (Figure 3) . The slope of the logarithmic curve for the whole plant was greater for reproductive plants than vegetative plants, indicating that reproductive plants accumulated greater biomass in response to higher P rates than did vegetative plants. Especially, higher P rates linearly increased flower dry mass of reproductive geranium plants. The root-to-shoot ratio of geranium plants tended to increase with low-P at 3 mg/L regardless of the growth phase ( Figure 4A) . Similarly, higher P increased proportionally both shoot and root dry mass of reproductive coleus plants without affecting the root-to-shoot ratio. A relative biomass allocation, as expressed in relative biomass (%) of each plant part to whole plant biomass, demonstrated that P levels ranging from 3 to 30 mg/L had little effect on biomass allocation pattern in both geranium and coleus plants regardless of the growth phase, although there was a trend of increasing root biomass allocation under lower P during vegetative growth. 
Plant Root Growth Responses
In general, the P level, plant species, and growth phase had significant (p < 0.001) effects on total root length, surface area, and root volume ( Table 3 ). There were significant interactions among the P level, plant species, and growth phase on the root growth parameters. In general, higher P levels increased or tended to increase these root parameters in both species regardless of the growth phase. For example, high-P increased nearly two-and four-times the root length of geranium and coleus plants, respectively, during the reproductive phase relative to the vegetative phase. Regardless of the plant species, root diameter was not affected by the P treatment during the vegetative phase but increased by high-P and intermediate-P during the reproductive phase. The root-to-leaf area was significantly (p < 0.001) higher in coleus than in geranium regardless of the growth phase. 
Plant P Content and Concentration and Allocation in Response to P Availability
There were significant interactions among the P level, plant species, and growth phase on P content and concentration in the whole plant, shoots, roots, and flowers (Table 4 ). In general, higher P levels increased P content and concentration in all plant parts of geranium and coleus plants during the vegetative and reproductive phases. The whole plant P content of reproductive geranium and coleus plants was nearly 2.5-and 2.7-times, respectively, higher than that of vegetative counterparts. P concentration in shoots was reduced in reproductive plants as compared with vegetative plants. However, high-P significantly increased P concentration in the roots of reproductive coleus plants as compared with those in low-P and intermediate-P, resulting in a significantly higher P concentration in the whole plant (Table 4 ). During the vegetative phase, the P content of both plant species increased logarithmically with increasing P levels ( Figure 5A ). This trend was maintained in reproductive geranium plants, however, the P content of reproductive coleus plants linearly increased with increasing P rates in both shoots and roots ( Figure 5B ). The P partitioning pattern was significantly different between geraniums and coleus plants ( Figure 4B ). A relative P content, as expressed in percentage of tissue P content to total P content, showed that vegetative plants contained over 90% P in shoots regardless of P availability ( Figure 4B ). Even during the reproductive phase, a significantly higher proportion of P was contained in the above-ground parts regardless of P levels, plant species, and growth phase. However, low-P at 3 mg/L tended to increase P partitioning of reproductive geranium plants toward flowers relative to other plant parts (Figure 4Bc ). Contrarily, P partitioning of reproductive coleus plants tended to increase toward roots by high-P at 30 mg/L (Figure 4Bd ). There were interactions among P level, plant species, and growth phase in PUE (Table 4 ). In both plant species, PUE was low for all P treatments ranging from 5% to 24%. High-P treatment had the lowest PUE regardless of the plant growth phase, but intermediate-P improved PUE of vegetative and reproductive plants by 36% to 70% as compared with high-P. Especially, reproductive coleus plants had significantly (p < 0.001) higher PUE than did vegetative coleus plants. Intermediate-P increased PUE of reproductive coleus plants to the level of low-P. 
Discussion
Biomass Accumulation and Partitioning are Influenced by P Level, Plant Species, and Growth Phase
Biomass allocation is a fundamental process of plant responses to limited resources [34] , however, plant allocation responses to P availability remains poorly addressed, especially in greenhouse crops. Plant biomass and P partitioning can be influenced by the major organ for expansion, growth phase, and P availability. This is because the expanding organ during the reproductive phase such as leaves and flowers can affect sink-source strength, and therefore is likely to affect biomass and P allocation among the plant parts. In a previous study, we demonstrated that P deficiency reduces vegetative growth more drastically than reproductive growth in flowering lantana (Lantana camara "New Gold") plants and a prolonged P deficiency during the vegetative phase can have an accumulative effect on the growth and partitioning in the later stage of growth [15] . To consolidate the findings, we examined two plant species, geraniums and coleus, for their contrasting characteristics during the reproductive phase and, in both plant species, blossom is a sign of developmental transition from vegetative to reproductive phase.
We demonstrated in this study that plant biomass and P accumulation and partitioning are affected by P level, plant species, and growth phase. In both geraniums and coleus plants, total biomass increased to a greater extent after anthesis in all P treatments and this ontogenetic shift was accompanied by increased production of root biomass, resulting in a greater root-to-shoot ratio during the reproductive phase. A relative biomass allocation was the highest in shoots, flowers, and roots for geranium plants and shoots and roots for coleus plants. This higher allocation to shoots appears to be the common pattern for annual herbaceous plants, but the opposite allocation pattern is common for woody species [34] . Meanwhile, the root-to-shoot ratio was not affected by the growth phase but only by P level in lantana [15] and was greater in lantana as compared with geranium and coleus plants at both growth phases regardless of P levels. Allocation to roots occurred very early in ontogeny for annual plants, Abutilon theophrasti Medic. and Chenopodium album L., when these species were grown under continuous nutrient regimes, after which the relative growth of shoot exceeded that of roots in low-nutrient grown plants as compared with their high-nutrient counterparts [35] . Therefore, these results support our view that the relative partitioning of roots to shoots is controlled by nutrient availability, developmental stage, and plant species.
We also found that the biomass production and P partitioning pattern of plant species are largely dependent on the P availability and plant growth phase. For example, low-P availability most negatively affected leaf number, area, and thus shoot biomass accumulation (Tables 1 and 2 ). This reduction in leaf production is likely to influence the production of photosynthates and partitioning to a strong sink during the reproductive phase [36] . Recent proteome analysis in maize demonstrated that the reduction in photosynthesis under low-P treatment was due to the downregulation of the proteins involved in CO2 enrichment, the Calvin cycle, and the electron transport system, and this resulted in a large accumulation of peroxides, triggering reactive oxygen species (ROS) scavenging mechanisms to cope with low P stress [37] . In fact, the plants grown with low-P in our study did not develop P-deficiency symptoms characterized by stunted growth and purple leaves, but rather showed healthy appearance but reduced size of plants. P levels higher than 3 mg/L proportionally increased root growth relative to shoot growth without affecting the biomass allocation pattern in both plant species. A large increase in root allocation commonly occurs when nutrients are limiting which comes primarily at the expense of leaf biomass. Therefore, low-P employed in our study is considered not a deficient level, and the optimal P level can be specifically designed depending on plant species and growth phase.
We demonstrated that root morphological characteristics of geranium and coleus plants were altered by P availability. Although decreasing P rate reduced root biomass, it also reduced root diameter positively correlated with a higher PUE (r 2 = 0.35 and 0.48, respectively). It is well recognized that low-P availability alters root architectural traits to favor efficient P uptake under P limiting conditions [38] , which include increased lateral root density and length and reduced root diameter. Although the evidence is scarce in greenhouse crops and we did not examine how P availability affected root architecture due to the massive root growth, the reduced root length and diameter observed in this pot study suggest that the root system was modified as a result of P availability leading to a higher P uptake per unit of root length or mass.
Regardless of the P level and growth phase, both plant species allocated a greater biomass to shoots than to roots (Figure 4 A) , however, relative biomass allocation to the roots and flowers increased during the reproductive phase as compared to during the vegetative phase. Vegetative shoots, flowers, and roots of reproductive geranium plants accounted for nearly 64%, 25%, and 11% of the total dry mass, respectively, and vegetative shoots and roots of coleus plants accounted for nearly 90% and 10% of the total dry mass, respectively. As such, our study provides evidence to support not only the suggestion of changes in the source-sink relationships during the phase transition but also the plant species-dependent allocation pattern. Similarly, in a study using buffered-P to provide root zone with a constant P level, Hansen and Lynch (1998) found that reproductive chrysanthemum plants showed a higher commitment of the whole plant to the production of developing flowers than to leaves and roots, whereas vegetative plants had a higher commitment to the production of leaves. However, it was demonstrated in their study that the allocation to the roots increased during the reproductive phase although this aspect was not discussed in their study. Our results indicate that roots function as strong sinks in reproductive geranium and coleus plants, which may be an important characteristic to support continuously developing shoots during the reproductive phase. It also implies that a nutrient uptake rate of older and larger roots may be less efficient relative to the function of the leaves [39] .
Phosphorus Accumulation and Partitioning are Influenced by P Level, Plant Species, and Growth Phase
Consistently, the P partitioning of plant organs was increased during the reproductive phase as compared with the vegetative phase and most of the P acquired by the plants was assimilated to the shoots. This P partitioning pattern was affected not only by P availability but also by plant species and growth phase ( Figure 4B ). During the vegetative phase, P deficient geranium and coleus plants (3 mg/L) tended to allocate or allocated more P toward roots. This seems to be a typical response to low-P as observed in chrysanthemum plants, soybean, and spring wheat [27, 36, 40] . In other words, vegetative plants tended to allocate more P to shoots when P is not deficient ( Figure 4B ). During the reproductive phase, however, P deficient geranium plants allocated nearly 30% P toward flowers primarily at the cost of shoot P, but coleus at high-P (30 mg/L) accumulated excess P in the roots. In fact, the roots are considered less competitive sinks than developing flowers during the reproductive growth phase in some plants [27, 41, 42] . However, it should be noted that reproductive shoots of geranium and coleus plants allocated not only the highest relative dry mass but also the highest level of relative P regardless of P availability to support continuously developing leaves. These results indicate that the leaves of reproductive plants remained as a relatively strong sink for P regardless of the growth phase. It appears that increasing P allocation to flowers is of primary importance under low-P for reproductive geranium plants to ensure reproductive success, however, increasing P allocation to roots of reproductive coleus plants indicates that excess P is stored primarily in the roots. Although direct evidence is missing to support this notion, it was reported that P deficient olive trees had higher pollen viability and accumulated carbohydrates in inflorescences at levels comparable to or higher than trees that received high-P despite having significantly impaired assimilation rate [43] . Furthermore, the shoot P concentration of reproductive coleus plants was lower than that of vegetative ones despite the higher P uptake ( Table 4 ), suggesting that lower tissue P concentration of reproductive coleus plants resulted from P dilution due to the accumulation of new biomass from the faster growth rate and greater leaf expansion [44] .
Redistribution of P is a quantitatively important P source for growth at later stages of plant development, and plants tend to remobilize over 50% of P from senescing leaves [27, 45] , especially under low-P availability. In cereal crops, P required for grain development derives from two sources, directly from plant roots and remobilization of P stored in vegetative parts prior to anthesis [46] [47] [48] . However, the potential P benefit from remobilization is very small for vegetative plants in the exponential growth phase as the proportion of senescing tissues are much smaller relative to growing tissues, for which P uptake by roots is by far the most important P source [49] . Geranium plants allocated 30% higher biomass and P toward roots during the reproductive phase relative to the vegetative phase. However, this biomass and P allocation to roots increased by over 100% in coleus plants in association with their active foliage production and expansion, which dominated during their reproductive growth. This observation coincides with the typical allocation strategy for vegetative plants to facilitate resource acquisition in the soil profile in support of rapid shoot growth.
Optimal P Rate of Geranium and Coleus Plants is Varied by the Growth Phase
In this study, we reported that vegetative geranium and coleus plants require a different level of P for their optimal growth. Both intermediate-P and high-P treatments had similar increasing effects on shoot biomass production for vegetative geranium plants, but high-P was more effective for vegetative coleus plants than intermediate-P. Meanwhile, intermediate-P increased shoot biomass production of both reproductive geranium and coleus plants to the level achieved by high-P (Table  2 ). These results imply that a higher P supply improves the early growth of coleus but there are no benefits from applying beyond the intermediate-P during the reproductive phase. These results are consistent with our previous findings that P is critical during the vegetative phase as reduced P restricts plant growth during both vegetative and reproductive growth, but more prominently during the early stage of growth [15] . Therefore, coleus plants require high-P (20 to 30 mg/L) during the vegetative phase and intermediate-P (10 to 15 mg/L) during the reproductive phase, while geranium plants require intermediate-P throughout the growth phases.
However, there were major differences between intermediate-P and high-P in flower production of geranium plants. Although P level did not affect the number of inflorescences, intermediate-P reduced flower dry mass as compared with high-P resulting from a lower number of open florets in each inflorescence and a smaller inflorescence diameter. Our findings support the view that low P availability delays flower development, and thus tends to reduce the size and fullness of the inflorescence, possibly as a result of the reduced number of floret buds. Such phenological delay may be associated with temporal resource remobilization under limited resources to increase reproductive success [50] . Consistent with our previous report, our current findings confirm that high-P promotes flower development without enhancing flower production [15] .
The rapid biomass production of both reproductive geranium and coleus plants led to the higher PUE during the reproductive phase as compared to during the vegetative phase. The major reason for a lower PUE during the vegetative phase is because the plants exhibited slower growth for one to two weeks followed by transplanting in soilless substrates and then resumed their growth, rapidly increasing plant size and leaf number and area ( Table 1 and Figure 2 ). The typical growth lag after transplanting is considered due to transplanting stress resulting from the disturbance of the root system at the soil-root interface prior to the establishment of root systems [18] . Therefore, the volume of fertigation can be reduced during the lag phase to enhance PUE and minimize P waste. It should be noted that both reproductive geranium and coleus plants continued to produce shoots and roots even during the reproductive phase. This indicates that reproductive plants use P more efficiently to support the growth of new vegetative tissues and rapidly developing reproductive tissues while maintaining existing structures. Indeed, PUE of reproductive plants was significantly higher than that of vegetative plants (Table 4 ). Intermediate-P was found to be sufficient to increase plant biomass without increasing P concentration.
Estimates of the overall efficiency of applied fertilizer have been reported for some field crop species, which was about or lower than 10% for P [51] . Rarely is more than 25% of the applied P taken up by the plants [52] , indicating that improvement in the PUE is needed. PUE in this study was in ranges of 5% to 15% when high-P was applied via daily fertigation, and this was increased to the ranges of 9% to 20% by intermediate-P. However, this PUE is very low compared to the ranges of 27% to 62% reported for containerized nursery crop [53] [54] [55] where pine bark-based substrate was used with controlled-release fertilizer as a major source of P. The primary reason for our low PUE is because we used inert media with a relatively higher volume of irrigation following greenhouse production practices. The P application rate can be further lowered if the substrates containing native P are used for crop production.
On the basis of our findings that PUE was lower during the vegetative phase, we suggest that the irrigation volume should be reduced for the first two weeks after transplanting and then gradually increased before the reproductive phase to support biomass production and achieve a higher PUE for crop production. We also suggest that the P application rate should consider an individual plant's biomass accumulation pattern to maximize PUE. Future study needs closer scrutiny to suggest practical solutions to increase PUE for greenhouse crop production, which may be achieved by effective fertigation and proper substrate selection in combination with intermediate-P application rates.
Conclusion
We demonstrated, in this study, that biomass and phosphorus (P) accumulation and partitioning are affected by P availability, plant species, and growth phases. The practical implications of this study are considered for P management practices that intermediate-P (10 to 15 mg/L) and high-P (20 to 30 mg/L) can be fertigated during seedling establishment of geranium and coleus plants, respectively, with less irrigation volume, and then the volume can be increased with intermediate-P for a couple of weeks before the reproductive phase. This practice will provide sufficient P for the continued vegetative shoot and root growth of reproductive plants and flower development in geranium plants. Our results indicate that not only the application of the optimal P rate but also the fertigation volume need to be taken into consideration to improve PUE. Considering that we used inert media for this study, P levels can be even lowered if the substrates containing native P are used. Applying an optimal rate of P fertilizer represents a simple and effective strategy to address environmental issues associated with wastewater discharge from greenhouse operations.
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